Various spiro-cyclic systems were synthesized by utilizing ring-closing metathesis as a key step. The required dialkylated starting materials were prepared from various 1,3-diketones or substrates containing an active methylene group.
Introduction
Spiro-cyclic compounds have attracted the attention of organic chemists due to their unique structural and reactivity pattern. Many natural products such as fredericamycin 1 1 (Figure 1 ), spirovetivanes, acroanes, chamigrenes, 2 angularly fused cyclopentanoids (e.g. crinipellin-A, laurenene) 3 and spirocaracolitone A 2 4 have shown to posses spiro-linkage as a structural element. 5 Among non-natural products [5.5.5.5 ]fenestrane 3, 6 spiranes, 7 and coronane 4 posses the spiro-linkage 8a,b as a crucial unit.
Various approaches to prepare spiro-cyclics have encountered problems associated with functional group incompatibility at one or more stages and restricted to a single substitution pattern. In only a few instances, was the newly generated ring system left with a useful functionality for further transformations. Therefore, there is a need to develop new methods for the preparation of the spiro-linkage under milder reaction conditions with additional functionality for further synthetic manipulation. Herein, we report the full details of our methodology for the preparation of spiro-cyclic compounds using ring-closing metathesis (RCM) as a key step. 
Results and Discussion
In order to demonstrate the spiro-annulation shown in equation 1 our immediate task was to prepare diallylated compounds. In this regard, we have chosen commercially available 1,3-diketones such as dimedone, 1,3-cyclohexanedione, 1,3-cyclopentanedione 5 and 1,3-indanedione 6 and compounds containing an active methylene group (e.g. fluorene 7 and anthrone 8) as our substrates. 4 ] in THF at RT for 1 h (Scheme 1) to give the diallyl dione 9. Similarly, the preparation of the other diallyl derivative 10 was achieved by following the above general procedure, whereas compound 11 was prepared by using DBU as a base during the alkylation step. 11 However, compound 12 was initially prepared under similar conditions (DBU/[Pd(PPh 3 ) 4 ]), only as a minor product. Later on, the reaction conditions were standardized to deliver the required diallyl compound 12 as the sole product. We have also found that the phase-transfer conditions [K 2 CO 3 , tetrabutylammonium hydrogen sulfate (TBAHS) and CH 3 CN], developed in our laboratory in connection with an amino acid project 12 and also other basic conditions gave good yields of dialkylated products 9, 10 and 12. Reaction of potassium metal with fluorene 7 in dioxane at 110 o C for 5 h according to the reported procedure gave 9,9-diallyfluorene 13. 13 In some cases 1,3-diketone derivatives were allylated using KF/celite conditions. 14 The diallyl anthrone 14, was prepared by treating the anthrone 8 with allyl bromide. 15 Having obtained various diallylated products in fair yield, the next task was to demonstrate the key RCM reaction. Initially the diallyl dione 9 was subjected to RCM reaction [16] [17] [18] by reacting with catalytic quantities of Grubbs' catalyst 15 in CH 2 Cl 2 at RT for 12 h. At the conclusion of the reaction (TLC monitoring), the solvent was evaporated at reduced pressure and the crude product was purified by chromatography using EtOAc-Hexane Along similar lines, various spiro-systems were prepared (Table I) and fully characterized by their spectral data. Some of the RCM products deserve special mention. For example, substrates 18 and 19 constitute the CD and BCD rings of fredericamycin 1 structure. Similarly, many of the RCM products reported in Table I are potential precursors for various unknown fenestrane frames.
Conclusions
We have succeeded in developing a general and versatile method for the synthesis of several spiro-cyclic systems. The RCM method developed here offers very mild reaction conditions for the direct formation of spiro-compounds with an additional double bond for further synthetic manipulation. The flexibility of this method has been demonstrated via the synthesis of various spiro-cyclic systems and the methodology described here may find interesting applications in the synthesis of natural and non-natural products. Preparation of 2,2-diallyl-5,5-dimethylcyclohexane-1,3-dione (9). By following KF/celite method: 14 To a mixture of dimedone (140 mg, 1 mmol) and allylbromide (0.25 mL, 3 mmol) in CH 3 CN (3 mL) was added KF-celite (590 mg) and the reaction mixture was heated at 75 o C for a period of 4 h. Then, the reaction mixture was filtered off and the filtrate was concentrated at reduced pressure to give the crude product. It was further purified on a silica gel column by eluting with ethyl acetate and petroleum ether mixture (1:19) to give the diallyl product 9 (102 mg, 46%). Preparation of 2,2-diallylcyclohexane-1,3-dione (10). By following KF/celite method: 14 To a mixture of 1,3-cyclohexanedione (112 mg, 1 mmol) and allylbromide (0.25 mL, 3 mmol) in CH 3 CN (3 ml) was added KF-celite (590 mg) and the mixture was heated at 75 o C for a period of 6 h. Then, the reaction mixture was filtered off and the filtrate was concentrated to give the crude product which was purified on a silica gel column by eluting with ethyl acetate and petroleum ether mixture (3:97) to give the diallyl product 10 (96 mg, 50%).
Preparation of 2,2-diallylindane-1,3-dione (12).
By following KF/celite method: 14 To a mixture of indane-1,3-dione 6 (438 mg, 3 mmol) and allylbromide (0.5 mL, 6 mmol) in CH 3 CN (8 mL) was added KF-celite (1.01 g) and the mixture was heated at 75 o C for a period of 20 h.
Then, the reaction mixture was filtered off and the filtrate was concentrated to give the crude product. Purification on a silica gel column by eluting with ethyl acetate and petroleum ether mixture (4:96) afforded the diallyl product 12 (353 mg, 52%). By following PTC method: 12 To a mixture of indane-1,3-dione 6 (37 mg, 0.25 mmol) and allylbromide (0.02 mL, 0.25 mmol) in CH 3 CN (8 mL) was added K 2 CO 3 (35 mg, 0.25 mmol) and TBAHS (9 mg, 0.025 mmol) and the mixture was stirred for a period of 8 h. Then, the reaction mixture was filtered off and the filtrate was concentrated to give the crude product which was purified on a silica gel column by eluting with ethyl acetate and petroleum ether mixture (4:96) to afford the diallyl product 12 (30 mg, 53%). By following benzyltriethylammonium chloride (BETAC) method: 15 To a mixture of indane-1,3-dione 6 (73 mg, 0.5 mmol) and allylbromide (0.04 mL, 0.5 mmol) in CH 2 Cl 2 (3 mL) was added a solution of BTEAC (25 mg, 0.1 mmol) in 30% aq. NaOH (2.5 mL) and the mixture was stirred for a period of 2 h. Then, the reaction mixture was diluted with water (15 mL) and extracted with CH 2 Cl 2 (3 × 25 mL). The combined organic extract was washed with 2N HCl (5 mL), 5% aq. NaHCO 3 (5 mL) and brine (5 mL) and dried over MgSO 4 . The solvent was removed in vacuo and the crude product was recrystallised from CHCl 3 /petroleum ether mixture, to deliver the diallyl compound 12 (62 mg, 54%). General procedure for RCM reaction. To a solution of diallyl compound 9 (25 mg, 0.114 mmol) in dry CH 2 Cl 2 (4 mL) was added Grubbs' catalyst (5 mg, 5.4 mol%) and the reaction mixture was stirred at RT for 12 h under N 2 . Then, the solvent was removed on a rotavapor and the resulting crude product was charged on a silica gel column. Elution of the column with ethyl acetate and petroleum ether mixture Preparation of spiro 1,3-dione (18) . To a solution of diallyl compound 11 (300 mg, 1.68 mmol) in dry CH 2 Cl 2 (15 mL) was added Grubbs' catalyst (83 mg, 6 mol%) and the reaction mixture was stirred at RT for 24 h under N 2 according to the general procedure. Then, the solvent was removed on a rotavapor and the resulting crude product was charged on a silica gel column. Elution of the column with ethyl acetate and petroleum ether mixture (2:98) gave the RCM 
Preparation of spiro compound (21).
To a solution of diallyl compound 14 (91 mg, 0.33 mmol) in dry CH 2 Cl 2 (4 mL) was added Grubbs' catalyst (12 mg, 4.4 mol%) and the reaction mixture was stirred at RT for 2 h under N 2 according to the general procedure. Then, the solvent was removed on a rotavapor and the resulting crude product was charged on a silica gel column. Elution of the column with ethyl acetate-petroleum ether mixture (5: 
